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ABSTRACT
Since the epoch of cosmic star formation peak at z ∼ 2, most of it is obscured in high
mass galaxies, while in low mass galaxies the radiation escapes unobstructed. During
the reionization epoch, the presence of evolved, dust obscured galaxies are a challenge
to galaxy formation and evolution models. By means of a chemodynamical evolution
model, we investigate the star formation and dust production required to build up
the bulk of dust in galaxies with initial baryonic mass ranging from 7.5 × 107 M
to 2.0 × 1012 M. The star formation efficiency was also chosen to represent the star
formation rate from irregular dwarf to giant elliptical galaxies. We adopted a dust
coagulation efficiency from (Dwek 1998, Case A) as well as a lower efficiency one
(Case B), about five times smaller than Case A. All possible combination of these
parameters was computed, summing forty different scenarios. We find that in high
stellar formation systems the dust accretion in ISM rules over stellar production before
the star formation peak, making these systems almost insensible to dust coagulation
efficiency. In low star formation systems, the difference between Case A and B lasts
longer, mainly in small galaxies. Thus, small irregular galaxies should be the best
place to discriminate different dust sources. In our observational sample, taken from
the literature, dust-to-gas ratio tends to be more spread only than dust mass, for both
stellar mass and star formation rate. Dust-to-gas vs. dust-to-star diagram is a good
tracer for both galaxy and dust evolution, due to the link between gas, star, dust
and star formation rate. However, the model do not constrain simultaneously all this
quantities. The new generation facilities (such as JWST, ELT, VLT and SPICA) will
be indispensable to constrain dust formation across the cosmic time.
Key words: ISM: dust, extinction – ISM: evolution – ISM: abundances – galaxies:
evolution – galaxies: high-redshift
1 INTRODUCTION
Cosmic dust is a key component of the interstellar medium
(ISM) of galaxies. It provides a catalytic surface to chemical
reactions, in special to produce H2 (Gould & Salpeter 1963;
Mathis 1990). On the other hand, the star formation rate
(SFR) seems to correlate better with H2 density than HI or
total gas (H2 + HI) density (Rownd & Young 1999; Wong
& Blitz 2002; Fontanot et al. 2017). This correlation implies
that the amount of dust in a galaxy may play an important
(maybe central) role to regulate star formation (Lupi et al.
2017), and can even contribute to star formation quenching
by the lack of a site for molecular gas formation (Krumholz
et al. 2009). Also, the typical mass of the final fragments in
star-forming clouds can be regulated by dust cooling (Whit-
worth et al. 1998) and dust grains can also be a major com-
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ponent to accomplish the transition from stellar Population
III to II (Chiaki et al. 2014).
Dust is also the greatest contributor to starlight ex-
tinction and reddening in the ISM due to absorption and
scattering of the stellar light, strongly affecting the opti-
cal and ultraviolet (UV) observations (Draine & Lee 1984).
The absorbed light by dust is re-emitted in the infrared (IR)
as thermal radiation (modified black body), reshaping the
galaxy spectral energy distribution (SED) (Silva et al. 1998)
and, for more extreme cases, shifting the SED peak to the
Far-IR (FIR). The extinction curve and IR emission depend
on the dust composition and distribution in the host galaxy,
the grain geometry and size distribution, and the incident
radiation field.
How dust is formed by heavy elements and how much
mass is locked in grains depends on the metallicity of the
host galaxy. The amount of dust may be thus used to infer
the evolution of high-z galaxies such as Damped Lyman-
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α (DLA) systems (Vladilo 2002; Gioannini et al. 2017a).
At low-z, we observe, for instance in the Milk Way, about
half of the heavy elements produced locked in solid particles
(Ferrara et al. 2016).
The grains are believed to form mainly in asymptotic gi-
ant branch stars (AGBs) and core-collapse supernovae (CC-
SNe) (Dwek 1998; Tielens 1998). There are some theoretical
works (e.g., Nozawa et al. 2011) that suggest that dust may
be also produced in SN Ia, but the observational evidence
is weak (Gomez et al. 2012). Furthermore, grain destruction
in both SNe are expected, but this is not completely clear.
The observation of dusty evolved galaxies at z & 6, in
the reionization era, constrains the maximum time spent in
dust enhancement to some few hundreds of Myr (Cooray
et al. 2014; Knudsen et al. 2016; Magdis et al. 2017), which
is a short time interval compared to the time evolution of
intermediate-mass stars (IMS), and therefore, the enrich-
ment of the ISM. Thus, CCSNe can be more efficient to de-
stroy dust grains than to build it (Dwek 1998; Calura et al.
2008).
Massive star forming regions and starbursts galaxies
(SBGs) are often observed in IR, enshrouded in dust co-
coons, since the strong UV emission of young stars is re-
processed in dust clouds (Silva et al. 1998; Farrah et al.
2008; Bourne et al. 2017). Those objects are called dust ob-
scured galaxies (DOGs). Active galaxies nuclei (AGNs) are
also frequently obscured (Chang et al. 2017), causing some-
times a misclassification between both phenomena. Indeed,
both starburst (SB) and AGN can happen at the same time
(Farrah et al. 2002, 2005).
DOGs are crucial objects to understand galaxy assem-
bly and evolution, compounding the ultra-luminous infrared
galaxies (ULIRGs) (Rieke & Low 1972; Sanders & Mirabel
1996) and sub-millimetric galaxies (SMG). They are the
most luminous galaxies and the most intense stellar nurseries
in the Universe (Casey et al. 2014) and it is possible that
almost all normal and giant galaxies in the local Universe
have experienced this phase during their growth (Canalizo
& Stockton 2001). The cosmic peak for star formation den-
sity, AGN activity and ULIRGs density take place almost
concomitantly around z ∼ 2.0–2.5 (Farrah et al. 2008; Casey
et al. 2014; Caputi et al. 2007).
High mass galaxies (even normal star forming) have
most of their star formation obscured by dust, reaching
∼ 90 % in galaxies with log(M/M) = 10.5, while low mass
ones tends to have most of the star formation unobscured
(Whitaker et al. 2017). This pattern seems to be present in
galaxies up to z = 2.5 ∼ 3.0 (Whitaker et al. 2017; Magdis
et al. 2017), when the cosmic star formation rate peaks. The
obscured star formation rate in galaxies beyond z ∼ 3.0, as
well as the DOGs cosmic density in the same epoch, are
not yet well known and it is possibly underestimated due to
observational selection bias, which prioritizes Lyα emitters
(Knudsen et al. 2016). As a consequence, star formation his-
tory estimators, even around z ∼ 3.0, can be misleading and
heavy star forming objects can be systematically overlooked
(Koprowski et al. 2016; Coppin et al. 2015).
In this work, we investigate the dependence of dust
and star formation rates on the build up of dust in galax-
ies. We also investigated the dominant process to produce
dust during the reionization epoch. We use chemodynamical
galaxy simulations for a variety of star formation history and
two dust production efficiencies, covering a mass range from
dwarf, to giant elliptical galaxies. The simulation results in
low- and high-z are compared with observations available in
the literature.
This paper is organised as follows: in section 2 we de-
scribe the galaxy evolution models adopted here and their
setup. The models for dust evolution are explained in sec-
tion 3, and in section 4 we describe the observational data
gathered for this work. The results are presented in section 5
and discussed in section 6. Finally, in section 7 we summarise
our conclusions. We adopted a standard ΛCDM cosmology
with H0 = 70 km s−1 Mpc−1, ΩΛ = 0.7, and ΩM = 0.3.
2 NUMERICAL SETUP
Is this work we have adopted the chemodynamical model
from Friaca & Terlevich (1998) (hereafter FT98), with im-
provements described in Lanfranchi & Friac¸a (2003) and Fri-
ac¸a & Barbuy (2017). We carried out a total of forty differ-
ent simulations by combining different galaxy masses (five
values) with star formation efficiency (four models), and
dust production efficiency (two models). In the following,
we briefly describe the most relevant features from FT98,
while in section 3 we describe our dust production prescrip-
tion. The common parameters for all galaxy models (IMF,
stellar yields, etc.) are discussed in section 2.1, while the
parameters of each particular galaxy model are discussed in
section 2.2.
2.1 Chemodynamical model
The FT98 model is a multi-zonal, 1D chemodynamical code
for spheroidal galaxies including gas, stars, and a dark mat-
ter (DM) halo. The model allows for mass inflow and out-
flow. Gas and stars (baryons) exchange material between
themselves at any moment, in processes such as star forma-
tion, SNe, and stellar winds.
The simulations begin with an initial baryonic mass,
MG,0, completely in gaseous form, i.e., MGas = MG,0, stellar
mass, M∗ = 0, and metal free (X = 7.6, Y = 0.24, and Z = 0).
The DM halo is assumed static, with mass fixed as 5.6×MG,0.
The model adopt a halo density profile ∝ [1 + (r/rh)2]−1,
where r is the radial distance to the centre, and rh is the core
radius. The simulations are truncated at the tidal radius, rt ,
fixed as rt = 28rh.
The total baryonic mass is the sum of gaseous and stel-
lar masses (MG = MGas + M∗) and initially follows the DM
halo density profile. The gas is converted in stars with a
specific SFR, ν, described by the equation:
ν(r, t) = ν0
(
ρ
ρ0
)nsf
× b , (1)
b =

(
1 + tdynmax[0, ∇ · u)]
)−1 · (1 + tc/tdyn)−1 ; tc > tdyn ,(
1 + tdynmax[0, ∇ · u)]
)−1
; tc ≤ tdyn ,
where ρ is the gas density, ρ0 the initial average gas density
inside rh, ν0 the star formation efficiency, nsf the power-law
exponent, assumed to be 1/2 (Larson 1974), u the velocity
field. The cooling time is given by tc = (3/2)kBT/µmHΛ(T)ρ,
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where kB is the Boltzmann constant, mH is the hydrogen
atomic mass, T is gas the temperature, µ is the mean molec-
ular mass, and Λ(T) is the cooling function. We take the
dynamical time as the collapse time-scale, tdyn =
√
3pi/16Gρ,
where G is the gravitational constant. The b factor inhibits
star formation in an expanding gas (∇ · u > 0).
The produced stars follow a King distribution (King
1962), where the core radius, rc , and the central star den-
sity, ρ∗0 of the distribution are related to the stellar velocity
dispersion, σ∗, by the virial condition 4piGρ∗0rc = 9σ2∗ . M∗
and σ∗ follow the classical Faber-Jackson relation σ∗ ∝ M1/4∗
(Faber & Jackson 1976).
We have adopted the Salpeter stellar initial mass func-
tion (IMF) Salpeter (1955). This IMF is in better agreement
with the colour-magnitude diagram of of elliptical galaxies
(Pipino & Matteucci 2004), which the FT98 model is tailored
to reproduce. Calura et al. (2009) also apply the Salpeter
IMF to dwarf galaxies while investigating the galactic mass-
metallicity relation. Since we cover a vast range of MG,0 and
SFR efficiency (see section 2.2), we prefer to use a single
IMF to simplify comparisons among individual models.
The chemical enrichment sources are CCSN, SN Ia, and
IMS (assumed in the 0.8–8 M range and evolves as AGB).
The yields adopted here depend on stellar mass and metal-
licity. Woosley & Weaver (1995) yields was adopted for CC-
SNe, calculated for stars with mass M = 12, 13, 15, 18, 20,
22, 25, 30, 35, and 40 M and metallicity Z/Z = 0, 10−4,
10−2, 10−1 and 1. For SNe Ia, we adopted the W7 (Z = Z)
and W70 (Z = 0) models from Iwamoto et al. (1999), leaving
no remnant after the explosion. The IMS yields came from
Van Den Hoek & Groenewegen (1997), case ηAGB = 4, with
Z = 0.001, 0.004, 0.008, 0.02, and 0.4.
The evolution of He, C, N, O, Mg, Si, S, Ca and Fe was
computed solving the chemical enrichment equation (Mat-
teucci & Tornambe 1987) and taking into account the delay
caused by the lifetime of stars (but assuming instantaneous
mix for stellar ejecta).
The energy output from CCSNe, SNe Ia and quies-
cent stellar mass loss (AGBs, planetary nebulae and stellar
winds) is injected into the gas. The feedback heats the gas,
regulates the SFR, and can drive outflow events.
2.2 Particular models setup
Each particular model is described by its baryonic initial
mass, MG,0, and for its star formation history. For each MG,0,
a DM core radius, rh, was set following FT98 and Lanfranchi
& Friac¸a (2003). In this work, five MG,0 models were com-
puted, spanning from 5×107 to 2×1012 M. The MG,0 with
corresponding rh values are shown in table 1.
The MG,0–rh relation in this work follows FT98 for 2 ×
1011 M and 2 × 1012 M, and with Lanfranchi & Friac¸a
(2003) for 109 M model, and are similar to Calura et al.
(2009). The main difference is for MG,0 = 1010 M and 5 ×
107 M. Both MG,0 = 109 M and MG,0 = 1010 M were
modelled by Lanfranchi & Friac¸a (2003) with rh = 1.0 kpc
and rt = 14rh, appropriate to model dwarf galaxies.
We adopted rh = 2.5 kpc for the MG,0 = 1010 M model,
to take into account more extended objects with more ex-
tended star formation history. None of the previously cited
works considered such a small galaxy as MG,0 = 5× 107 M,
Table 1. Masses (MG,0) and corresponding sizes (rh) used in the
Simulated galaxy models.
MG,0/M 5 × 107 109 1010 2 × 1011 2 × 1012
rh (kpc) 0.4 1.0 2.5 3.5 10.0
Table 2. Star formation efficiency, ν0, adopted in this work. Each
ν0 was combined with each MG,0 in table 1, resulting in twenty
different galaxy evolution models.
ν0 (Gyr
−1) 0.1 1.0 5.0 10.0
the lowest mass being 108 M in Calura et al. (2009) and
a luminous radius of Rlum = 1 kpc. They used a one-zone
model, while our model is more extended with lower density
in the outskirt.
The star formation history is parameterized by ν0, set
as 0.1, 1.0, 5.0 and 10 Gyr−1 (table 2). For elliptical galaxies,
FT98 adopted ν0 = 10 Gyr−1 for 2 × 1011 and 2 × 1012 M
models. Calura et al. (2009) adopted 3, 10 and 20 Gyr−1
for 1010, 1011 and 1012 M models, respectively. Gioan-
nini et al. (2017a) adopted 1.0 Gyr−1 for a galaxy with
109 M and Lanfranchi & Friac¸a (2003) considered 1.0 and
3.0 Gyr−1 for 109 M and 1010 M, respectively. Calura
et al. (2009) set between 0.3–2 Gyr−1, for spiral galaxies
and 0.001–0.5 Gyr−1 irregular dwarfs galaxies, while Gioan-
nini et al. (2017b) adopted 1.0–3.0 Gyr−1 for spiral and 0.01
–2.0 Gyr−1 for irregular galaxies.
Even known that M∗, SFR and metallicity form the
”fundamental metallicity relation”(see Mannucci et al. 2010,
for a more general discussion), we combined all MG,0 and ν0
values to investigate the role of each one. Another advan-
tage is that we can mimic several galaxy types, evolutionary
stages and star formation history, allowing the comparison
with both low- and, in special, high-z galaxies (Calura &
Matteucci 2006, suggested that the Hubble sequence, from
early to late type, can be approximate as a sequence of
decreasing star formation efficiency). For these reasons, we
avoided the use of extreme high and low star formation effi-
ciency, and the range 0.1 – 10 Gyr−1 was chosen.
3 DUST PRESCRIPTION
The dust evolution prescription adopted in this work is
mainly based on Dwek (1998) (hereafter D98) and Gioan-
nini et al. (2017a) formulation. The dust mass balance is
affected by three major components: (i) stellar sources and
SNe events, (ii) accretion in cold ISM, and (iii) loss in galac-
tic wind and star formation. As star and SN sources can both
produce and destroy the dust grains, the description will be
based in processes that enhance or diminish the total dust
mass.
Defining DA ≡ ρDust(A, r, t), the dust mass density of
element A, at galactic radius r and an instant t, the dust
evolution balance is described by the equation:
ÛDA = ÛDprodA + ÛDaccA − ÛDlostA , (2)
where each term on the right-hand side means, in order,
the dust produced, accreted and lost throughout the galaxy
MNRAS 000, 1–19 (2015)
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evolution. We computed the evolution of carbonaceous and
silicate dust grains (A = {C, Si}), the most abundant ones.
In the following, we review the most relevant features and
parameters of Eq. 2.
3.1 Dust production
Following D98, the grains can be produced by stellar winds
of ISM during the AGB phase, CCSNe, and SNe Ia events
and then delivered to the ISM. The dust production is de-
scribed by the sum of these three sources, resulting in the
following equation:
ÛDprod
A
= ÛDwA + ÛDCCSNeA + ÛDSNIaA . (3)
In equation 3, the dust sources follow the same stellar
threshold than the chemical evolution model (section 2.1).
The contributing single stars are the evolved IMS phase, as
AGB, and the death of high mass stars, as CCSNe, while
binary systems evolves into SNe Ia. The stellar dust yields
rely on the relative mass amount between carbon and oxygen
and in the dust condensation efficiency, for a i production
process, δi(A).
The δi(A) represents the balance between the A element
amount available to compose grains and the amount that
will in fact end as grain. For a complete production, without
destruction, δi(A) = 1, otherwise δi(A) < 1. This quantity can
rely on the mass of the progenitor, its metallicity and, for
SNe, the surrounding ISM density (see Piovan et al. 2011,
for a more detailed discussion).
An IMS with mass M produces a dust mass MDust(A,M)
relying in the carbon and oxygen numbers of atoms (NC and
NO, respectively). The available carbon will mainly form CO
and the surplus will be converted in grains. If the NC is
higher than the NO, silicates cannot be formed. But if has
more NO than NC , the excessive oxygen will form silicates
and carbonaceous grain will not be formed.
Then, for M ≤ 8 M we have and δw(A) the condensa-
tion efficiency for stellar winds:
(i) Case C/O> 1 in the ejected material
MDust(C,M) = δw(C)
[
Mej(C,M) − 34 Mej(O,M)
]
MDust(Si,M) = 0 (4)
(ii) Case C/O < 1 in the eject material
MDust(C,M) = 0
MDust(Si,M) = δwcond(Si) Mej (Si,M) . (5)
In CCSNe, MDust(A,M) relies only in the mass of the
A element ejected in the explosion and in the condensation
efficiency δCC (A). The dust production in stars with M >
8 M is:
MDust(C,M) = δCC (C) Mej(C,M)
MDust(Si,M) = δCC (Si) Mej(Si,M) . (6)
The dust production formulation for SNe Ia is quite
similar to 6, changing δCC (A) to δIa(A). Hereafter the dust
production will be described by the condensation efficiencies
∆A ≡ (δw(A), δIa(A), δCC (A)).
Many values of ∆C , as dust evolution recipes, are avail-
able in the literature (Ferrarotti & Gail 2006; Calura et al.
Table 3. Dust condensation efficiency adopted in this work. Each
adopted ∆A was combined with each particular galaxy evolution
model, summing forty runned models for this work.
Condensation efficiency
Case A (D98) δw (A) δ I a (A) δCC (A))
∆C 1.0 0.5 0.5
∆Si 1.0 0.8 0.8
Case B δw (A) δ I a (A) δCC (A))
∆C 0.1 0.0 0.1
∆Si 0.1 0.0 0.1
2008; Zhukovska et al. 2008; Piovan et al. 2011; Gioannini
et al. 2017a). D98 uses the constants ∆C = (1.0, 0.5, 0.5) for
carbon, and ∆Si = (1.0, 0.8, 0.8). This value was chosen to
reproduce the dust mass in the Galaxy at the present age,
but it is a controversial choice. Zubko et al. (2004) find that
this formulation can lead to a shortage of iron (and maybe
silicon) in grain form. The ∆A from Piovan et al. (2011) is
sensible to both stellar mass and metallicity, implying in a
cosmic evolution of ∆A and more sensibility to IMF, while
Gioannini et al. (2017a) consider SNe Ia as a negligible dust
source.
Despite the controversy about dust production in SNe
Ia, we adopted here two sets of constants ∆A: the D98 set
(Case A) and a low efficient set (Case B), that is described
by ∆C = (0.1, 0.0, 0.1) and ∆Si = (0.1, 0.0, 0.1). How the main
interest here is to investigate dust evolution in galaxies span-
ning a large range of mass and redshifts, we prefered to adopt
a classical recipe.
Gioannini et al. (2017a) dust evolution model adopted
δi(A) from Piovan et al. (2011). Their δi(A) relies in the
progenitor stellar mass, metallicity, and also in ISM density
for CCSNe. We choose to adopt a constants set of δi(A) to
reduce the dust production dependence with metallicity and
IMF. It is worth to stress that Piovan et al. (2011) δi(A)
is, in average, lower than Case A (the possible exception
is the CCSNe in a environmental density nH = 0.1 cm−1,
but Gioannini et al. (2017a), for example, use δCC (A) for
nH = 1.0 cm−1, higher than the Case B. Dust production
Cases A and B parameters are given in table 3.
3.2 Dust Accretion
The grains produced by stellar sources are processed in the
ISM, altering their mass, size and composition (Asano et al.
2013). The most important processes for dust grain growth
are coagulation and accretion. While the former changes
only the grain size distribution, due to grain-grain inter-
action, the latter enhances the total mass locked in dust
form, capturing elements available in the ISM gas. In fact,
accretion efficiency is sensible to the grain size distribution,
but following Gioannini et al. (2017a), here we adopt the
single grain size approximation, making dust insensible to
coagulation.
Following Hirashita (2000), grain accretion from ISM
gas is effective only in cool gas medium and its efficiency
depends of the dust amount and on the accretion time-scale,
MNRAS 000, 1–19 (2015)
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τacc. The dust accretion rate is described by:
ÛDaccA =
DA
τacc
. (7)
This time-scale relies on the cool gas fraction and on the
amount of A element available for accretion, given by:
τacc = τg/(Xcl χA) , (8)
where Xcl is the cool gas fraction and χA = (1 − fA), where
fA is the ratio between the dust and the amount of element
A in the gas. The cool gas mass fraction is not the same
in galaxies, D98 and Silva et al. (1998) suggest Xcl = 0.5.
Lianou et al. (2016) elliptical sample has a mean Xcl ∼ 0.4
and Kaneko et al. (2017) found about 0.7, for interacting
galaxies, and 0.5 for disk isolated ones. We assume a con-
stant Xcl = 0.5 in the simulations, following D98.
The characteristic dust growth time-scale, τg, is given
by:
τg = 2.0×107
[(
a
0.1µm
) (
nH
100cm−3
)−1 ( T
50K
)−1/2 ( Z
0.02
)−1]
yr,
(9)
for gas number density, nH , mean grain radius, a, and cool
gas temperature, T . We assume the same values as Gioannini
et al. (2017a), 100 cm−3, 0.1µm and 50 K, respectively, while
the metallicity, Z, evolves during galaxy evolution.
3.3 Dust Destruction
Dust grains can also be destroyed in the ISM. Shattering
process is important to dust grain size distribution, but it
does not affect the dust mass balance (Asano et al. 2013).
Following D98, we consider only dust destruction by sput-
tering in SNe events.
The dust composed by element A at galactocentric dis-
tance r, and at instant t is destroyed due to grain-grain col-
lision, mdest(A, r, t), described as:[
dρ(A, r, t)
dt
]
SNR
= mdest(A, r, t) RSN (r, t) =
DA
τSNR(r, t)
. (10)
In this equation, RSN (r, t) = RSNIa(r, t)+RCCSNe(r, t), is the
combined SNIa and CCSNe rate in pc−3 Gyr−1. The time-
scale for dust destruction in SN events is given by τSNR.
We assume that mdest is proportional to the dust-to-gas
ratio and to MSNR, the total mass swept by one supernova
event. The proportionality parameter is the dust destruction
efficiency  :
mdest(A, r, t) =
(
DA
ρISM(A, r, t)
)
MSNR (11)
and the time-scale to grain destruction is then given by:
τSNR(A, r, t) = ( MSNR)−1
[
ρISM(r, t)
RSN (r, t)
]
(12)
the  parameter really weakly in the ISM density and MSNR
do not rely in the density, so the quantity MSNR can be
assumed constant in the model. Dust is also depleted in SF
process, coupled with the gas consumed in the process. SF
do not changes metallicity due to dust metals been converted
in gas phase again.
Finally, dust loss is also due to galactic wind as a result
of SN outflowns. Models with high star formation efficiency
will have strong outflow events, which reduce both dust and
gas mass.
4 OBSERVATIONAL DATA
We have built a sample from data available in the literature
in order to compare, whenever possible, with the simulations
presented here. We have select data with available param-
eters such as MDust, M∗, MGas and SFR, spanning a wide
range of galactic mass and redshift. In this section we will
explain the main features of the data collected, separating
in low- and high-z samples.
4.1 Low redshift sample
Re´my-Ruyer et al. (2014) provide MDust and MGas for galax-
ies from the KINGFISH survey (Kennicutt et al. 2011), the
Dwarf Galaxy Survey (DGS Madden et al. 2014) and a se-
lected sample from Galametz et al. (2011), named G11.
KINGFISH, DGS and G11 galaxies are all low-z objects
with diverse morphology. Their log(O/H) + 12 metallicity
tracer covers a range of 2 dex. Re´my-Ruyer et al. (2015) give
M∗ and SFR for KINGFISH and DGS.
The early type sample was taken from Lianou et al.
(2016). This sample was drawn from the Herschel Reference
Survey (Boselli et al. 2010). M∗, SFR and MDust were esti-
mated with SED fitting models via MAGPHYS (da Cunha
et al. 2008) and PCIGALE (v0.9.0) (Burgarella et al. 2005;
Noll et al. 2009; Roehlly et al. 2014). MAGPHYS uses only
stellar templates, while PCIGALE includes AGN templates
in their fits. Since it is a substantial difference between them
and we included both in our analysis.
From De Vis et al. (2016), based on the Herschel-
ATLAS Phase-1 Limited-Extent Spatial Survey (Clark et al.
2015), we adopted a selection of objects with high gas mass
fraction (> 80%). This sample lies inside a volume limited
by 0.0035 < z < 0.01, with galaxies in several evolution-
ary phases and, in general, low SFR (the maximum value is
log SFR ∼ 0.6 for a galaxy with logM∗/M ∼ 10.16). SFR
and MDust were calculated using MAGPHYS.
4.2 High redshift sample
We have adopted a submillimeter galaxy (SMG, a high-z
ULIRG-like galaxy) sample from the ALESS survey (Hodge
et al. 2013; Karim et al. 2013). The quantities zphot, M∗,
MDust, SFR, and a mass-weighted stellar population age was
computed by da Cunha et al. (2015), using MAGPHYS. The
SMG sample covers a zphot range from 1.58 to 5.82, covering
much of the galaxy assembly epoch. The sample mean stellar
mass is about M∗ ∼ 9×1010 M, the mean SFR is 281M∗/yr,
the mean age is 0.24 Gyr, and MDust = 5.6 × 108 M.
The SMGs do not make a homogeneous population,
even at the same redshift. In zphot ∼ 2 (at the cosmic
SFR peak), half of this sample consists of starburst galaxies
(SBG), with SFR more than three times above the typical
star-forming galaxy main sequence (the M∗–SFR relation,
see Speagle et al. 2014, for details), while the other half con-
sists basically of high mass main sequence galaxies. But the
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Figure 1. Dust mass evolution predicted by the model. Each panel corresponds to a star formation efficiency of the model and the
model tracks are colour-coded according the initial galaxy mass: 5 × 107M (yellow), 1 × 109M (green), 1 × 1010M (blue), 2 × 1011M
(black), and 2 × 1012M (red). Solid and dashed lines stand for Case A and Case B dust production formulation, respectively. Blue stars
represent the SMG sample of da Cunha et al. (2015).
zphot ∼ 3.5 sub-sample tends to have higher SFR and stel-
lar masses, although the number of galaxies above the main
sequence is less than a third, which suggests fast evolution
of these objects across the cosmic time.
We also included two Lyman-break galaxies (LBGs) at
z ∼ 3 (Magdis et al. 2017), D49 and M28, as well as two
galaxies from the reionization epoch, A1689-zD1 at z ∼ 7.5
(Knudsen et al. 2016) and A2744 YD4 at z ∼ 8.3 (Laporte
et al. 2017). The reionization DOGs impose an important
constraint to the lower efficiency required for dust and stellar
evolution.
Since FT98 galactic model evolves from a primordial
cloud, the presence of galaxies from high- and low-z is funda-
mental to constrain dust production across the cosmic time
and the main processes that lead to obscuration by dust.
5 RESULTS
The chemodynamical time evolution for gaseous, stellar and
dust mass (as well as their sum) are shown in appendix A
for all computed galaxy models. The model is not a “closed
box”, allowing in- and outflows (MG is not constant in the
simulation). Some models exhibit an abrupt drop in MGas
and MDust (for both Cases) due to galactic winds led by SNe
events (MG also diminish due to the winds). The bottom-
right panel of figures A3 and A5 illustrate this drop in MGas,
MDust and MG .
The time evolution of the dust mass, for all computed
models, is shown in Fig. 1. Each panel shows the dust evo-
lution for all MG,0 and ∆A computed with the same star for-
mation efficiency ν0. The ν0 values are signalled on the top
of the panels and are organized in ascending order, from left
to right and from top to down. Each MG,0 model is tagged
by colour in figure 1 and ∆A is set as a continuous line for
Case A (D98) and dashed in Case B. With the exception of
the appendix A, the model representation in the figures is
always the same. The only age estimate available we have is
for the SMG sample from da Cunha et al. (2015).
The models with ν0 = 0.1 Gyr−1 (top left panel of Fig. 1)
do not show significant outflows and the star formation is
almost a continuous process (see appendix A); therefore, the
galaxy do not lose any significant amount of dust during
13 Gyr of evolution.
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Figure 2. Dust-to-gas mass ratio evolution predicted by the model. Line colours and styles of the model tracks have the same meanings
as in Fig 1.
For all MG,0 models, the ∆A Case B converges to Case
A due to grain accretion, but the more massive galaxies sys-
tematically converge faster than the less massive ones. For
the 2 × 1011 M and 2 × 1012 M Cases A and B coincide
in a time-scale of ∼ 0.3 Gyr. The MG,0 = 109 M and 1010
M models take ∼ 1.0 Gyr, and the 5× 107 M model takes
∼ 8 Gyr.
As expected, for higher ν0 values, outflows expel the gas
and dust mass, in a few Gyrs. Figure 1 top-right panel, with
ν0 = 1.0 Gyr−1, show that all models with MG,0 ≤ 1010 M
have high dust mass loss between ∼ 1 and ∼ 8 Gyr. The
2×1012 M does not lose dust, while the 2×1011 M model
loses less than 1 dex. For ν0 = 5.0 Gyr−1 (lower left panel)
and ν0 = 10.0 Gyr−1 (lower right panel), all models, except
MG,0 = 2 × 1012 M, suffer strong outflows, but in the last
panel the 2 × 1012 M the weak outflow is followed by an
infall. Due to the deep potential well, the SNe cannot remove
the gas and dust from the galaxy. The time needed to eject
dust also drops for ν0 = 10.0 Gyr−1, being ∼ 1.0 Gyr for the
less massive models and ∼ 2.0 Gyr for 2 × 1011 M.
The time taken for both ∆A cases to produce an equal
amount of dust is also shorter for higher ν0 values, due to
the stellar sources and more efficient accretion in high metal-
licity systems (see equation 9). For all models with strong
outflows, Case B reaches Case A near the maximum dust
mass, and then it abruptly drops after the quenching of SF.
The dust production in Case A prevents a more abrupt fall,
ending with ∼ 1 dex more dust mass than Case B.
Figure 1 shows that the SMG population (small blue
stars) is well represented by the 2× 1012 M Case A model,
between ∼ 0.3 Gyr and 1.5 Gyr (the SMG stellar popula-
tion age is in range ∼ 0.02 Gyr and 1.5 Gyr), for all ν0.
The inferior threshold belongs to ν0 = 0.1 Gyr−1 and this
limit is lower for higher ν0 values, reaching 1 Gyr for 10.0
Gyr−1 model. For an age lower than 0.1 Gyr all ν0 models
underestimate the dust amount when compared with SMG.
This difference is probably due to a higher ν0 required for
this objects, indicating a very fast evolution for them, cor-
roborating with the scenario where SMGs are progenitors
to present day elliptical galaxies (Toft et al. 2014; Smail
et al. 2006). Gioannini et al. (2017a) considered ν0 between
10.0 Gyr−1 and 20.0 Gyr−1 for elliptical galaxies and Calura
et al. (2009) used 25.0 Gyr−1 for MG,0 = 2 × 1012 M, but,
for the purpose of this work a more conservative ν0 is more
adequate (see section 2.2).
To evaluate the obscuration in each model, a key quan-
tity is the dust-to-gas ratio, shown in figure 2. Unfortunately,
observational data with dust and gas masses, together with
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Figure 3. Dust mass versus stellar mass predicted by the model. Line colours and styles of the model tracks have the same meanings
as in Fig. 1. The SMG sample of da Cunha et al. (2015) is represented by blue stars, the data for galaxies of Re´my-Ruyer et al. (2014,
2015), by yellow and pink stars, of De Vis et al. (2016), by small red dots, of ellipitical galaxies of Lianou et al. (2016), by blue crosses,
the data for the LBGs D49 and M28 of Magdis et al. (2017), by the yellow and black large dots, respectively, and for the reionization
epoch DOGs A1689-zD1 of Knudsen et al. (2016) and A2744 YD4 of Laporte et al. (2017), by the large blue and red dots, respectively.
age estimate, are not available in the literature. The time
spent for Case B models to reach Case A is basically the
same as in figure 1, but figure 2 shows different evolutionary
pattern than figure 1.
In the top-left panel of Fig. 2 (ν0 = 0.1 Gyr
−1), the
MG,0 = 2 × 1011 and 2 × 1012 M models are indistinguish-
able until 0.3 Gyr (when Case B reaches Case A for both
MG,0). After 0.3 Gyr, both slopes get shallower, but in the
2×1012 M model the shallowness is more pronounced. The
models with 109 and 1010 M follow almost the same track,
but the 1010 M track is slightly higher. For both models,
the Cases A and B converges at ∼ 1 Gyr, the same time that
their dust-to-gas ratio turns higher than the 2 × 1012 M
model. At ∼ 4 Gyr, the 109 and 1010 M models also sur-
pass 2×1011 M. The less massive model has approximately
a constant slope for Case A and reaches the more massive
model after 10 Gyr of evolution (when the Cases A and B
convergence).
For all ν0 and MG,0 combinations, the difference be-
tween Cases A and B reaches almost 3 dex at the beginning
of the simulation. This difference grows smaller during the
star formation period, being almost null at the peak (gener-
ally at dust-to-gas peak), due to the coupling of ISM accre-
tion and gas depletion. During the passive phase, dust Cases
A and B diverges, differing by 1 dex. For higher ν0, Case B
reaches Case A faster, while for higher MG,0 the coincidence
of both Cases occurs later.
In figure 2 we see that models that undergo strong out-
flows episodes have a bump in the dust-to-gas ratio, for both
dust production Cases, due to the coupling of SNe dust pro-
duction and SNe feedback. The bump precedes the quench-
ing of star formation, happens earlier in high ν0 models,
for fixed MG,0, and is sensitive to both MG,0 and ν0. In
the ν0 = 0.1 Gyr−1 panel, no model shows a bump. Mod-
els with MG,0 ≤ 1010M show for ν0 = 1.0 Gyr−1, and
MG,0 ≥ 2 × 1011M show for ν0 = 5.0 Gyr−1.
For ν0 = 5.0 Gyr−1 and 10.0 Gyr−1, the dust-to-gas ratio
in Case A is nearly insensitive to MG,0 for the first 1 Gyr
and 0.3 Gyr of galaxy evolution, respectively. Case B also
shows a similar pattern, but the evolutionary tracks have a
higher dispersion among themselves. Before the dust-to-gas
bump, the amount of dust is almost insensitive to ∆A for
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Figure 4. Dust mass versus gas mass predicted by the model. Line colours and styles of the model tracks have the same meanings as in
Fig. 1. The data for elliptical galaxies of Re´my-Ruyer et al. (2014, 2015) is represented by yellow and pink stars, of Lianou et al. (2016),
by blue crosses, and for the ionization epoch DOG A1689-zD1 of Knudsen et al. (2016) by the large blue dot.
all models. After the maximum, the dust-to-gas ratio drops
and becomes sensitive to ∆A and this continues during the
entire passive phase. Since in the 2 × 1012 M models star
formation is never quenched, they are always insensitive to
∆A after Case A and B converge.
Figures 1 and 2 model the time spent to build up the
dust bulk of galaxies. The object A1689-zD1, z = 7.5, has
MDust = 4.0 × 107M, M∗ = 2.0 × 109M and a molecu-
lar gas reservoir of 7.2 × 109 M (Knudsen et al. 2016),
resulting in a dust-to-mass ratio (assuming only molecu-
lar gas) of 5.5 × 10−3, while A2744 YD4, in z = 8.38, has
MDust = 5.5× 106M and M∗ = 1.95× 109M (Laporte et al.
2017). For the adopted cosmology, the time available for
each galaxy to evolve is 0.7 Gyr and 0.6 Gyr, respectively,
and this impose a strong constrain in both galaxy evolution
model concerning dust production prescriptions. The most
suitable initial mass to describe these systems is 1010 M,
since A1689-zD1 has MG = 9.2×109 M, and the stellar mass
from this galaxy is quite similar to A2744 YD4. In figure 1,
in MG,0 = 1010 M and ν0 = 10.0 Gyr−1 model, the dust
mass reaches A2744 YD4 value in ∼ 0.5 Gyr, but the maxi-
mum value of MDust for this model is 6.3×106 M, about six
times smaller than A1689-zD1 dust mass and takes 0.5 Gyr
to reach the peak. In figure 2, the same model takes about
∼ 0.4 Gyr to reach A1689-zD1 dust-to-gas ratio. These re-
sults are insensitive to ∆A.
Since stellar mass is possibly the most remarkable quan-
tity in galaxy evolution, in figure 3 we show the relation
between stellar and dust mass while in figure 5 the dust-to-
gas ratio and stellar mass relation. Figure 3 contains data
from Lianou et al. (2016); De Vis et al. (2016); Re´my-Ruyer
et al. (2014) and (Re´my-Ruyer et al. 2015; Magdis et al.
2017; da Cunha et al. 2015; Knudsen et al. 2016) and (La-
porte et al. 2017). For all ν0 the dust mass models tend
to lie above the data during the star forming phase, but
for the ν0 = 5.0 Gyr−1 case all MDust tracks show a knee
that passes over the data points. The exception are SMGs
and two Lyman-breaks galaxies, that are in agreement with
MG,0 = 2 × 1012 M models, for all ν0. SMGs and these two
LBGs have similar properties as infrared luminosity, MDust,
MGas, M∗ and z. In fact, previous studies with the chemo-
dynamical model used here, have shown that the early evo-
lution of the formation of massive spheroids reproduces the
properties of SMGs (Archibald et al. 2002; Rosa-Gonza´lez
et al. 2004) and LBGs (Friac¸a & Terlevich 1999). The sam-
ple from Lianou et al. (2016) shows low MDust for a given
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Figure 5. Dust-to-gas ratio versus stellar mass predicted by the model. Line colours and styles of the model tracks have the same
meanings as in Fig. 1. The data for galaxies of Re´my-Ruyer et al. (2014, 2015) is represented by yellow and pink stars, elliptical galaxies
of Lianou et al. (2016), by blue crosses, the data for the LBGs D49 and M28 of Magdis et al. (2017), by the yellow and black large dots,
respectively, and for the reionization epoch DOG A1689-zD1 of Knudsen et al. (2016) by the large blue dot.
M∗, generally with M∗ > 1010 M, and is compatible with
the passive phase of our models. While ν0 becomes higher,
the tracks approach the data points, being the closest for
ν0 = 10.0 Gyr−1. A1689-zD1 and A2744 YD4 also have too
much dust for ν0 = 10.0 Gyr−1 and MG,0 = 1010 M mod-
els, for both dust Cases, but the former lies always near the
2 × 1011 M models, and the last reionization galaxy agrees
with ν0 = 5.0 Gyr−1.
We also show the relation between dust and gas masses
in figure 4. For ν0 = 0.1 Gyr−1 models (with exception of
MG,0 = 5 × 107 M), the gas mass increases just before the
depletion into stars, while higher ν0 models do not show pro-
nounced gas mass enhancement. For all galaxy models, the
evolutionary track shows two patterns, the first is related
to the beginning of galaxy evolution, with MGas ∼ MG,0, for
any MDust, while the other expresses the MGas depletion into
stars or the gas eject in outflow episodes. The transition be-
tween them forms a knee that lies close to the observational
data.
For all models, the difference between Case A and B
dust masses reaches more than 2 dex at the beginning of
galaxy evolution, but it has almost vanished when the tracks
reach the knee. For models that do not undergo a strong
outflow, Cases A and B remain almost the same after the
knee, while the models that undergo strong outflows exhibit
a difference lower than 1 dex. The high-z galaxies lie in the
high gas and dust mass locus and the LBGs have the higher
gas and dust mass of our sample.
Figure 5 has data from Lianou et al. (2016); Re´my-
Ruyer et al. (2014, 2015); Magdis et al. (2017) and Knudsen
et al. (2016). The shape of evolutionary tracks do not change
significantly while ν0 grows, but they shift toward the high
M∗ direction and the lower dust-to-gas ratio limit goes up.
For ν0 = 0.1 Gyr−1, the major part of the data is well rep-
resented by the MG,0 = 2 × 1011 M models and the lower
limit of dust-to-gas ratio (∼ 2 × 10−7 in Case A and ∼ 10−10
in Case B) is lower than the lower data value (∼ 10−6). For
ν0 = 10.0 Gyr−1, almost all data lies between the tracks
109 M and 2 × 1011 M and the dust-to-gas ratio lower
limit up to ∼ 2 × 10−5, in Case A, and 10−8 in Case B. Case
B is better to explain the dust-to-gas mass ratio of low dust
galaxies, possible due to evolution in ∆A.
A1689-zD1 has dust-to-gas ratio higher than galaxies
with the same stellar mass (see figure 5), probably due to
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Figure 6. Dust mass versus star formation ratio predicted by the model. Line colours and styles of the model tracks have the same
meanings as in Fig. 1. The SMG sample of da Cunha et al. (2015) is represented by blue stars, the data for galaxies of Re´my-Ruyer
et al. (2014, 2015), by yellow and pink stars, of De Vis et al. (2016), by small red dots, elliptical galaxies of Lianou et al. (2016), by blue
crosses, and for reionization epoch DOGs A1689-zD1 of Knudsen et al. (2016), and A2744 YD4 of Laporte et al. (2017), by the large
blue and red dots, respectively.
its high dust amount (in figure 3 it is near of low mass
SMG), and is, again, best represented by MG,0 = 1010 M,
for any ν0, and it is insensitive to ∆A. For ν0 = 0.1 Gyr−1,
the dust produced in 1010 M models takes 13 Gyr to reach
the MDust observed in A1689-zD1 and a half of its M∗. For
ν0 = 5.0 Gyr−1 track peak is less than 1 dex lower than
the data, while for 1.0 Gyr−1 and 10.0 Gyr−1 the tracks are
quite compatible with A1689-zD1, but the former requires
∼ 3 Gyr to reach its dust-to-mass ratio, while the latter takes
∼ 0.5 Gyr.
Similarly, the two LBGs are closer to MG,0 = 2×1011 M
models, for both ∆A and all ν0. For 0.1 Gyr
−1, the tracks
do not reach the M∗ estimated for this objects, even after
13 Gyr, and the track slightly drops when M∗ ∼ 1011 M,
which is the general pattern for star formation quenching.
For 1.0 Gyr−1, a ∼ 3 dex difference in dust-to-gas ratio is
seen between the track and the data. In the two higher ν0
models, the track ends near the galaxies data points, with
the dust-to-gas peak slightly displaced to lower M∗. The ν0 =
5.0 Gyr−1 models take ∼ 2 Gyr to reach the peak, while the
ν0 = 10.0 Gyr−1 require ∼ 1.5 Gyr (see figure 2). It is worth
to stress that MG (molecular gas + M∗) of these galaxies are
4 × 1011 and 2.5 × 1011 M, for D49 and M28, respectively,
and, therefore, we expect a fast evolution for this objects.
The age of the universe in z ∼ 3 is tH ≈ 2.1 Gyr, therefore
the highest ν0 models are more suitable to explain both dust
mass and dust-to-gas ratio of high-z massive galaxies.
In general, passive elliptical galaxies show high dust-
to-mass ratio due much more to lack of gas than to their
dust amount. In fact, the data from Lianou et al. (2016),
in figure 3 shows that these galaxies have small MDust for a
given M∗, but due to their extremely small MGas, they show
high dust-to-gas ratio.
The relation of MDust and dust-to-gas ratio with SFR are
shown in figures 6 and 7. It is interesting to notice that MDust
is well represented by low star formation galaxies, while the
dust-to-gas ratio is better modelled by high star formation
ones.
In figure 6, the SMGs show good agreement with MG,0 =
2× 1012 M evolutionary track, but while ν0 grows, the star
formation rate tends to be overestimated for ν0 = 10 Gyr−1.
The model with 2× 1011 M and ν0 = 10 Gyr−1 agrees
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Figure 7. Dust-to-gas ratio versus stellar formation rate predicted by the model. Line colours and styles of the model tracks have the
same meanings as in Fig. 1. The data for elliptical galaxies of Re´my-Ruyer et al. (2014, 2015) is represented by yellow and pink stars, of
Lianou et al. (2016), by blue crosses, and for the ionization epoch DOG A1689-zD1 of Knudsen et al. (2016) by the large blue dot.
with SMG star formation rate, although underestimate dust
mass. For ν0 = 0.1 Gyr−1 models, the evolutionary tracks
match the sample from KINGFISH and from Herschel sur-
vey, while DGS generally show less dust than the tracks, be-
ing better represented by ν0 = 1.0 Gyr
−1 models. A1689-zD1
is more likely 2 × 1011 M, for ν0 = 0.1 Gyr−1 and 1010 M,
but underestimating dust mass, for ν0 = 10 Gyr
−1, been the
last more suitable due to the stellar mass correspondence
(see figure 3). Elliptical galaxies lies systematically above
the star forming sample (KINGFISH and HERSCHEL) for
the same SFR. Interesting to note that the SFR tends to be
constant during the its peak.
The dust-to-gas ratio and SFR relation, figure 7, are
shown together with KINGFISH, Herschel, elliptical galax-
ies and A1689-zD1. For this figure, as in figure 5, near the
SFR knee, the model ν0 = 10 Gyr−1 and MG,0 = 1010 M
shows good agreement with A1689-zD1, KINGFISH and
DGS show high dispersion for dust-to-gas in the range
∼ 2×10−6 and 5×10−2, and SFR in the range ∼ 6×10−3 and
10 Myr−1 (KINGFISH shows little more dust-to-gas than
DGS). The elliptical galaxies lie, again, in high dust-to-gas
and low SFR region.
As Calura et al. (2016) we use dust-to-stellar mass ratio
as probe to galaxy evolution (figure 8), since this ratio means
a true measurement of the global dust production efficiency,
or a real balance between the dust produced and the dust
mass loss during galaxy evolution. The elliptical galaxies,
from Lianou et al. (2016), have always low dust-to-stellar
mass ratio (generaly between 10−5 and 10−4). Re´my-Ruyer
et al. (2014) and Re´my-Ruyer et al. (2015) tends to have
dust-to-stellar mass ratio lower than De Vis et al. (2016)
gas rich sample, even for the same stellar mass, while SMG
(da Cunha et al. 2015) generally has the larger ratio. The
LBGs lie together with SMG sample in figure 8, and A1689-
zD1 (Knudsen et al. 2016) has dust-to-stellar mass ratio
lower than SMG sample and higher than A2744 YD4 (La-
porte et al. 2017), while the former lies into the high rate
of De Vis et al. (2016) sample and the last lies in the lower
rate.
The simulation tracks from figure 8 lie systematically
above the observational sample during the broad of star for-
mation, except by SMG sample, that has good agreement for
all star formation efficiency and mainly for the 1.0 Gyr−1 ,
but local normal galaxies seem that it is more suitable to
high SFR scenario. Models with strong outburst have a sim-
ilar pattern and similar dust-to-stellar mass ratio, and after
MNRAS 000, 1–19 (2015)
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Figure 8. Dust-to-star ratio versus stellar mass predicted by the model. Line colours and styles of the model tracks have the same
meanings as in Fig. 1. The SMG sample of da Cunha et al. (2015) is represented by blue stars, the data for galaxies of Re´my-Ruyer
et al. (2014, 2015), by yellow and pink stars, of De Vis et al. (2016), by small red dots, of ellipitical galaxies of Lianou et al. (2016), by
blue crosses, the data for the LBGs D49 and M28 of Magdis et al. (2017), by the yellow and black large dots, respectively, and for the
reionization epoch DOGs A1689-zD1 of Knudsen et al. (2016) and A2744 YD4 of Laporte et al. (2017), by the large blue and red dots,
respectively.
the star formation quenching the track are able to explain
elliptical galaxies for objects with M∗ in the range 1 × 1010
M and 2 × 1011 M. The data do not represents the simu-
lation with 5 × 107 M. The difference between dust Case A
and B is well pronounced in the star forming epoch, mainly
for low mass e low star formation efficiency, when the stellar
dust source domains over accretion.
6 DISCUSSION
In this work we carried out forty galaxy evolution simula-
tions, varying the galaxy initial baryonic mass, MG,0, star
formation efficiency, ν0, and dust coagulation efficiency, ∆A,
in order to investigate the main processes that drive dust
mass evolution. We aim to explain the presence of high-z
DOGs and the relation between obscured star formation and
galactic M∗. The simulations are compared with a collection
of data available in the literature, covering a large range of
mass and redshift.
In this section we discuss the main implication of our
results, splitting the issues thematically. In sub-section 6.1
we analyze the role of star formation and dust efficiency
implication, in 6.2 the dust evolution constraint for high-
z galaxies and in 6.3 the implications for dusty obscured
galaxies.
6.1 ν0 and ∆A effects
The difference between dust produced in Cases A and B is
more pronounced in small ν0 and small MG,0 models (see fig-
ures 1 and 2). In models with strong outflows (high ν0), the
dust mass is sensitive to ∆A during the stellar mass assem-
bly and passive phase, but they are almost insensitive to ∆A
between the maximum and the quenching of star formation.
This is more clear in figures 7 and 6, where a difference of
more than 3 dex is between Case A and B (in both figures)
in the begin of the stellar mass assembly. For galaxies that
pass by passive phase, dust mass (figure 7) is more sensitive
to ∆A than dust-to-gas ratio (figure 6) due to the ejection of
both dust and gas during outflow. As a consequence, high
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Figure 9. Dust-to-star ratio versus stellar formation rate predicted by the model. Line colours and styles of the model tracks have
the same meanings as in Fig. 1. The the data for galaxies of Re´my-Ruyer et al. (2014, 2015), by yellow and pink stars, of the ellipitical
galaxies of Lianou et al. (2016), by blue crosses, the data for the LBGs D49 and M28 of Magdis et al. (2017), by the yellow and black
large dots, respectively, and for the reionization epoch DOG A1689-zD1 of Knudsen et al. (2016), by the large blue dots.
SFR systems and starbursts galaxies are not adequate to
constrain ∆A value. Passive and very evolved galaxies also
have a great limitation due to the number of process in-
volved in dust accumulation. In their place we suggest low
star formation and low metallicity galaxies with young stel-
lar population (≤ 0.4 Gyr), like dwarf irregular galaxies and
DLAs systems (Gioannini et al. 2017a).
Coupling the equations 7 and 9, we notice that dust ac-
cretion in ISM is proportional to dust mass and metallicity.
Stars and SNe are the primary source of dust and metals,
so, in low ν0 models, the grain growth by accretion is not ef-
ficient enough to rule the dust mass evolution, as in Aoyama
et al. (2016) and Gioannini et al. (2017a), and the stellar pro-
duction domains, making the dust amount in this systems
more sensitive to ∆A, even for AGB sources, as IMS has time
to evolve into AGB. In figure 1, in MG,0 = 1 × 1010 M and
ν0 = 10.0 Gyr
−1 model, dust mass reaches the A2744 YD4
value in ∼ 0.5 Gyr, but it never reaches the A1689-zD1 dust
mass. In figure 2 the same model needs ∼ 0.4 Gyr to reach
the A1689-zD1 dust-to-gas ratio.
Another advantage in investigate dust production in low
mass galaxies is that low star formation galaxies, mainly the
ones with younger stellar population, is not too sensible to
star formation history and feedback recipes, although it can
be more sensitive to the adopted IMF. A top-heavy IMF
increases the CCSNe number, making the dust bulk pro-
duction more efficient.
Search for dust in low star formation and metallicity
galaxies can bias ∆A estimation if their value is, at least,
reasonably sensitive to metallicity (as Piovan et al. 2011,
values are), and the detection and characterization of dust
mass and composition in low star formation rate galaxies
(like dwarf irregulars) is more difficult and expensive. But we
argue that the dust mass is dominated by stellar sources and
the number of variables is substantially reduced in these sys-
tems and balance some of the difficulties. Following Calura
et al. (2016), the dust-to-stellar mass ratio can be a valuable
tool to probe dust production in low star formation systems
(see figure 8) and to measure the stellar dust efficiency pro-
duction.
While the dust mass data have three regions in figure
3, passive early type, normal star forming and starburst like
SMG and Lyman break galaxies. The connection between
dust-to-gas ratio and M∗ data in figure 5 is more spread
MNRAS 000, 1–19 (2015)
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Figure 10. Galaxy gas fraction versus Dust-to-star ratio predicted by the model. Track line colours and styles have the same meaning
as in Fig. 1. The the data for galaxies from Re´my-Ruyer et al. (2014, 2015) are yellow and pink stars, for elliptical galaxies from Lianou
et al. (2016) are blue crosses, for the LBGs D49 and M28 from Magdis et al. (2017) are the yellow and black large dots, respectively, and
for the reionization epoch DOG A1689-zD1 from Knudsen et al. (2016) is a large blue dot.
than in figure 3 and with less defined regions. This behav-
ior probably is due to different evolutionary stage of each
galaxy, with variations in gas reservoirs available to star for-
mation. In fact, the models do not represent all these quan-
tities at the same time, as can be noticed comparing figures
3, 6 and 8.
To balance evolutionary effects, we propose, as far as
we know for the first time, a MDust/MGas by MDust/M∗ di-
agram (figure 9), allowing the link of all baryonic masses,
MDust, MGas and M∗, as well as the SFR. In figure 9 the
star forming galaxies follow a clear path, while the ellipti-
cal galaxies lie at higher dust-to-gas place, per dust-to-star,
than the star forming ones. Unfortunately, the SMGs sam-
ple is not included, but the high-z LBGs and A1689-zD1
are, lying with high dust-to-gas and high dust-to-stars. The
distinction between star forming and passive galaxies is pro-
nounced, but again the high-z sample do not exhibit a dis-
tinguished pattern. The evolutionary tracks do not represent
the data trends very well, mainly for low SFR models. For
any ν0, the tracks has lower dust-to-gas ratio for dust-to-star
ratio, than the data, suggesting to much gas in our model
and the tracks turn on is near the high-z galaxies. In the
figure 9, Case B formulation suits better DGS than Case A,
suggesting or a low ∆A or its metallicity dependence. The
dust Case B coupled with a top-heavy IMF could soften the
tension but a more precise answer relies in more observa-
tional data (in high- and low-z, and for all galaxies types),
and more theoretical works.
The MDust/MGas by MDust/M∗ diagram (figure 9) is very
similar to the fundamental relation among M∗, SFR and
metallicity (see Mannucci et al. 2010). M∗ and MGas are
linked by SFR, and MDust/MGas relies in metallicity (as dis-
cussed in Galliano et al. 2008, 2018; De Vis, P. et al. 2019).
Even so, MDust/MGas by MDust/M∗ diagram facilitates the
comparison between evolutionary tracks and observational
data because it takes into account the efficiency of dust pro-
duction (MDust/M∗), the gas reservoir available to form stars
(MGas), and the past evolution MDust/MGas.
Another way to allow for evolutionary effects is by link-
ing the gas fraction (MGas/(M∗ + MGas)) with the galactic
dust production efficiency (M∗/MDust). We show this plot as
Fig. 10).
In the MGas/(M∗ + MGas) by M∗/MDust diagram, the ob-
servational data shows two mains patterns, one being a high
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gas fraction horizontal branch and the other a diagonal. The
former branch is formed mainly by dwarf galaxies from DGS
catalogue and is represented by low star formation efficiency
and weak outflows models and, especially, by low MG,0 and
Case B models. In fact, the low M∗/MDust observed in DGS
objects can only be reproduced by Case B dust produc-
tion, what can be interpreted as a ∆A metallicity sensitivity.
Our model seems to reproduce well the MGas/(M∗+MGas) by
M∗/MDust properties of these systems.
The latter one is composed by KINGFISH elliptical
galaxies and high-z galaxies, represented by high star for-
mation efficiency and strong outflows models. The KING-
FISH galaxies lie preferentially at log(M∗/MDust) & −4.0 and
MGas/(M∗ + MGas) & −1.0, while the elliptical galaxies are
the opposite. The high-z galaxies lie at the high dust pro-
duction efficiency and high gas fraction locus, but they do
not exhibit a clear different pattern.
The MGas/(M∗ + MGas) by MDust/M∗ diagram (Fig. 10)
is also a reliable tool to investigate the galaxy and dust evo-
lution connection, with the advantage of making clear how
important it is the galaxy gas reservoir available to star for-
mation. Nevertheless, the MDust/MGas by MDust/M∗ diagram
(Fig. 9) seems to be more sensitive to dust amount than the
relation shown in Fig. 10.
6.2 High−z galaxies implication
Even though dust obscured high−z galaxies can be re-
produced by models with similar baryonic mass, MG,0 =
1010 M, for A1689-zD1 (Knudsen et al. 2016), with high
SFR, ν0 = 10.0 Gyr
−1, the comparison in section 5 is quite
simplistic. First, as discussed in 6.1, all galaxy evolution-
ary indicators are not satisfied simultaneously and both
MDust/M∗ vs. M∗ (figure 8) and MDust/MGas vs. MDust/M∗
(figure 9) are not in agreement with A1689-zD1. Second, the
time needed to form and collapse of the primordial baryonic
cloud was not took into account.
As discussed in section 5, for MG,0 = 1 × 1010 M and
ν0 = 10.0 Gyr
−1 model, the time needed to reach dust mass
in A2744 YD4 is ∼ 0.5 Gyr, while for A1689-zD1 dust mass
it is about six times longer than this model, for both ∆A
adopted. The former has larger SFR than our model, while
the latter has approximately the same. This may be due to
a very strong starburst episode, differences in dust produc-
tion or distribution into these objects, leading to different
dust mass estimation. Another possibility is a non-universal
IMF, as argued by Calura et al. (2016), being more top-
heavy for low metallicity environment, that increases the
number of CCSNe, metallicity and dust mass, speeding up
the evolution the galaxy. Even though, dust-to-gas ratio of
the model agrees with M∗ and SFR of A1689-zD1, at a time
of ∼ 0.4 Gyr, compatible with the available cosmic time. Our
model is better suited to explain dust-to-gas ratio than the
total dust mass.
In order to estimate the dust mass of reionization ob-
jects and the DOGs number density, it is crucial to constrain
both galaxy evolution and dust evolution models and also
determine the cosmic star formation history. The dominance
of UV galaxies emitters can easily be due to systematic se-
lection effects, and the presence of DOGs at the cosmic dawn
could be underestimated (Knudsen et al. 2016). In this case,
the cosmic star formation density census has to be updated
and galaxy evolution theory upgraded. For a high DOGs
number density during reionization, even reionization mod-
els must be revisited, due to dust high absorption in UV
wavelength.
The simulated models show no tension with SMGs and
LBGs at z ∼ 5 or less. For high ν0 models, the high SFR
(like SMG and LBGs), the galaxy has enough time to fully
build its bulk mass, with a Salpeter’s IMF, even considering
the time needed to the formation and collapse of the cloud.
The models also shows enough time to quench SMGs star
formation and their change into passive galaxies Toft et al.
(2014) until z ∼ 4.
6.3 Galaxy obscuration
As mentioned in section 1, high mass galaxies have the major
part of their star formation obscured by dust, reaching ∼
90% in galaxies with log(M/M) ' 10.5 (see Whitaker et al.
2017). The low mass galaxies are the opposite case, the star
formation is unobscured and the average between both is
seen for galaxies with log(M/M) = 9.4, where half of the
star formation is obscured (see Whitaker et al. 2017). This
relation is observed, at least, until z ∼ 2.5 (see Whitaker
et al. 2017).
A accurate treatment of obscured star formation in the
framework of galaxy evolution models is a complex task.
Stars are born in clusters inside giant molecular clouds
(GMC), that are generally non symmetric and extended ob-
jects. The GMC intrinsic extinction relies in the local ISM
composition, its geometry and its density. The radiation
emitted by massive newborn stars disrupt the cloud from
inside out, creating HII bubbles into GMC and allowing the
UV and visible photons to escape. A radiative transfer treat-
ment is beyond the scope of this work. Here, we will deal only
with dust mass production.
In figure 2, for any MG,0 and for both Cases A and B,
the initial dust-to-gas ratio increases with ν0. The time spent
to form the bulk of dust is also lower for high ν0 models. For
low ν0 values, the molecular cloud will have a high fraction
of UV photons escaping without interacting with dust (due
to the low dust-to-gas ratio), making the star formation rate
easily probed by UV and visible wavelengths. The smoother
the star formation history (without bursts) is, the lower is
the amount of dust in the environment where star formation
takes place. In high ν0 models, the fraction of UV photons
escaping will be very small (Silva et al. 1998, model con-
sider that all UV photons are processed by dust during the
GMC first Myrs), due to the higher dust-to-gas ratio, so
that the star formation rate must be probed in the IR and
submillimetric bands. The grain accretion dependence with
metallicity amplifying this difference.
As both SFR and metallicity are linked with galaxy evo-
lution, depending on the galaxy mass (Mannucci et al. 2010),
we expect a slow evolution of the obscured star formation
fraction for z higher than the “cosmic noon”, when galaxies
are building the bulk of their stellar mass. The condensa-
tion efficiency can amplify the difference between massive
and dwarf galaxies, due to the difference in the metallicity
evolution time. It is clear that the time spent to form stars
being lower, the metallicity evolves faster, which also turns
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the accretion more efficient. We conclude that MG,0 is the
main driver of the obscuration rate.
The MDust/MGas by MDust/M∗ diagram (figure 9) is very
similar to fundamental relation among M∗, SFR and metal-
licity (see Mannucci et al. 2010). Wang et al. (2013) also find
a relationship between DM halo mass and M∗, as a SFR–M∗
relation. This is also expected and seen in differents star for-
mation efficiency per MG,0 and reflects in the more massive
halos have a shorter evolution time than to the less massive
ones, being more efficient to form stars, can create the differ-
ence of unobscured to obscured not dependent (or with small
dependence) of galaxy size relying, in ultimate instance, in
the galaxy mass.
The dust obscured star formation can be illustrated by
figure 9. In any panel of this figure, the high MDust/MGas and
MDust/M∗ corner corresponds to the largest dust fraction,
where galaxies are most obscured. There is where we found
the LBGs and A1689-zD1, all heavily obscured, evolved,
high-z galaxies. It is also the turnover place of the evolu-
tionary tracks of ν0 = 10 Gyr−1. This position also supports
the idea that SMG can evolve into passive elliptical galaxies.
DGS objects lie preferably in low MDust/MGas and low
MDust/M∗ region. This subsample has low mean metallicity
(12 + logO/H = 7.93), low stellar mass (logM∗/M = 8.58)
and low dust mass (logMDust/M = 5.69) (Re´my-Ruyer
et al. 2015). Only dust production Case B can reach the
MDust/MGas and the MDust/MGas values from DGS objects.
The MG,0 = 5 × 107M was chosen to be the infe-
rior threshold of dwarf galaxies, although it is bellow the
lower observational data limit. For this MG,0 value, only
ν0 = 0.1Gyr−1 model makes a normal star forming galaxy
(see A1), taking almost 10 Gyr to reach 10−4 dust-to-gas
ratio (the same order as Lisenfeld & Ferrara 1998, sample
of dwarf galaxies, see also figure 2), in both dust production
cases (this is also almost the time needed to Case B to reach
Case A). For this same MG,0, any other ν0 makes a star-
burst, followed by a passive evolution. Despite the low M∗,
the normal star forming model reaches MDust and dust-to-
gas ratio of small M∗ objects from Re´my-Ruyer et al. (2014,
2015), as can be seen in figures 3 and 5.
The extremely metal poor galaxy IZw 18 has dust-to-
gas ratio between 3.2–13×10−6 (Fisher et al. 2014), or about
3.0 × 10−6 derived by Re´my-Ruyer et al. (2014, 2015), the
MG,0 = 5 × 107M normal star forming galaxy model takes
about 0.1 Gyr, in Case A, and 1.0 Gyr, in Case B, to reach
IZw 18 dust-to-gas ratio (see figures 1 and 2). IZw 18 stellar
population has an age of approximately 0.5 Gyr (for further
discussion, see Papaderos et al. 2002), M∗ = 9 × 107M and
MGas = 2.8 × 108M (MGas = MHI + MH2), this galaxy is in
a fast evolution (starburst like) and its SFR is about 0.05
M/year (Fisher et al. 2014). If we compare IZw 18 with any
starburst model we see that only Case B can reproduce it,
so we conclude that ∆A is sensitive to metallicity.
7 CONCLUSIONS
In this work we have carried out forty semi-analytical sim-
ulations of galaxy evolution, varying the galaxy initial mass
and both star formation and dust coagulation efficiency, to
probe the dust enhancement process that leads to the ob-
scuration of galaxies, in particular the shrouding of star for-
mation in high mass galaxies. The simulations are compared
with data available in the literature, covering a large range
of mass and redshift. Here, we will briefly summarize out
main results:
• Our results corroborate the scenario where SMGs evolve
to elliptical galaxies (Toft et al. 2014). Despite the small
number of LBGs in our sample, we also find that LGB galax-
ies have similar dust, gas and stellar masses, and SFR com-
pared to SMGs, probably implying in similar evolutionary
phase.
• During intense star formation episodes, the dust mass
and the dust-to-gas ratio of galaxies is almost unaffected
by dust coagulation efficiency due to grain accretion domi-
nance, making low SFR system, with low metallicity, a more
suitable place to study ∆A, even if it can lead to bias toward
low metallicity ∆A. Our results also suggest a ∆A metallicity
dependent scenario.
• With Salpeter IMF, high SFR systems build the bulk
of their dust mass in ∼ 0.6 Gyr, the time-scale required to
built dust obscured galaxies during the reionization epoch.
However, there is some tensions with A1689-zD1 dust mass
and to explain the presence of passive evolved galaxies at
z ∼ 4. The tension is relieved with a top-heavy IMF, as
suggested by Calura et al. (2016), but we find that a high
star formation with grain accretion in ISM may be enough.
• Our models do not represent a complete scenario of dust
and galaxy evolution. The simulated quantities MDust, MGas
and M∗ do not represent all the data simultaneously. We
suggest that this is a problem from both galactic and dust
models. An adequate dust model needs to constrain all the
quantities. Due to better agreement with dust-to-gas ratio,
we suggest that the adopted dust model is more suitable to
represent the dust-to-gas ratio than dust mass alone.
• The MDust/MGas × MDust/M∗ diagram is a powerful tool
to study obscuration, dust production model and galaxy evo-
lution, because this diagram constrains all baryons phases.
Despite the reduced data, star forming and passive galaxies
lie in a clear different locus on this kind of diagram.
• The dust-to-gas ratio relies strongly on star formation,
while the SFR relies on the gravitational potential well. Our
results point to an almost Universal obscured star formation
fraction even in z larger than 3, independently of ∆A.
Dust obscuration is an important issue to understand
galaxy evolution and to constrain the star formation den-
sity across the cosmic time, in particular during the cosmic
peak of star formation. The new generation facilities should
shed new light to this question. James Webb Space telescope
(JWST), Extremely Large Telescope (ELT), Giant Magel-
lan Telescope (GMT), and SPICA together with ALMA will
bring new constrain in the investigation of high-z galaxies.
SPICA will be especially useful to investigate dust produc-
tion in metal poor galaxies and constrain stellar dust pro-
duction.
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APPENDIX A: GALAXY EVOLUTION IN
SIMULATIONS
Here we provide the time evolution of gas (blue line), star
(red line), dust (brown continuous line for Case A and brown
dashed line for Case B), and total mass (black continuous
line) of all 40 simulated models. Each figure is related to one
MG,0 model (table 1).
Each panel in the figures represents a star formation
efficiency in crescent order, from left to right and from top
do bottom. The labels and tags are the same in all figures.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A1. Time evolution of gas (blue line), stellar (red line), dust (brown continuous line Case A and brown dashed line Case B) and
total mass (black continuous line) of MG,0 = 5× 107M model. The panels are ordered from left to right and top to bottom, been related
to ν0 = 0.1Gyr−1, 1.0Gyr−1, 5.0Gyr−1, and 10.0Gyr−1, respectively.
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Figure A2. The same as A1, but for MG,0 = 109M model.
MNRAS 000, 1–19 (2015)
Theoretical clues about dust accumulation and galaxy obscuration at high and low redshift 21
1.5 1.0 0.5 0.0 0.5 1.0
log(time) [Gyr]
4
5
6
7
8
9
10
lo
g
(M
a
ss
/
M
¯)
ν0 = 0.1 Gyr
−1  / MG,0 = 1× 1010  M¯
MG
MGas
M ∗
MDust (CaseA)
MDust (CaseB)
1.5 1.0 0.5 0.0 0.5 1.0
log(time) [Gyr]
4
5
6
7
8
9
10
lo
g
(M
a
ss
/
M
¯)
ν0 = 1.0 Gyr
−1  / MG,0 = 1× 1010  M¯
1.5 1.0 0.5 0.0 0.5 1.0
log(time) [Gyr]
4
5
6
7
8
9
10
lo
g
(M
as
s/
M
¯)
ν0 = 5.0 Gyr
−1  / MG,0 = 1× 1010  M¯
1.5 1.0 0.5 0.0 0.5 1.0
log(time) [Gyr]
4
5
6
7
8
9
10
lo
g
(M
as
s/
M
¯)
ν0 = 10.0 Gyr
−1  / MG,0 = 1× 1010  M¯
Figure A3. The same as A1, but for MG,0 = 1010M model.
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Figure A4. The same as A1, but for MG,0 = 2 × 1011M model.
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Figure A5. The same as A1, but for MG,0 = 2 × 1012M model.
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